Titanium(IV) oxide (TiO 2 )-based photocatalyst particles assembled at the phase boundary of a liquid-liquid dual-phase mixture were prepared by partial modification of the external surface of each particle with alkylsilyl groups. Average surface coverage of alkylsilyl groups estimated by elemental analyses of carbon and ash components of the samples and floatability on aqueous ethanol solutions revealed that the hydrophobicity-hydrophilicity of asymmetrically modified samples was comparable to that of samples fully covered with alkylsilyl groups. TiO 2 particles asymmetrically or fully modified with alkylsilyl groups showed photocatalytic activity for benzene oxidation to produce phenol from an aerated benzene-water dual-phase mixture even without agitation, while bare TiO 2 required mechanical agitation to induce the photocatalytic reaction. However, prolonged irradiation precipitated some of the 1 surface-modified particles in the aqueous layer due to photocatalytic decomposition of surface alkylsilyl groups. The photostability was improved by employment of TiO 2 particles coated with porous silica (SiO 2 ) as a starting material. Compared with the SiO 2 -coated TiO 2 particles fully modified with alkylsilyl groups (o-Si/Ti), the asymmetrically modified SiO 2 -TiO 2 particles (w/o-Si/Ti) showed slightly higher photocatalytic activity for benzene oxidation. On the other hand, a notable difference between them was observed in photocatalytic hydrogen evolution in the presence of sacrificial donors from a benzene-water mixture and from an aqueous solution under deaerated conditions; w/o-Si/Ti showed the activity more than two-fold greater than that of o-Ti/Si, presumably because of efficient contact of w/o-Si/Ti with both aqueous and organic phases compared with o-Si/Ti, which was rather difficult to contact with the aqueous phase.
Introduction
Heterogeneous photocatalytic processes are induced by photoexcitation of semiconductor particles such as titanium(IV) oxide (TiO 2 ) with light of energy greater than the band gap between valence and conduction bands to generate electrons (e -) and positive holes (h + ) as reductants and oxidants, respectively, for substrates adsorbed on the photocatalyst surfaces [1] . Since both e -and h + are, in principle, consumed in each particle, the particle itself works as a small photoelectrochemical cell, i.e., both oxidation and reduction occur in a one-pot reaction without providing electrolytes, which are requisite for a similar redox reaction, electrolysis [2, 3] . This characteristic feature provides various types of redox reactions, e.g., overall water splitting into H 2 (produced through reduction of water by e -) and O 2 (produced through oxidation of water by h + ) [4] [5] [6] and redox-combined processes, including deamino-N-cyclization of L-lysine into pipecolinic acid [7] [8] [9] .
Photocatalytic reactions using powder photocatalysts are generally performed by photoirradiation of aqueous suspensions containing photocatalyst particles and substrate(s). In cases in which substrates are immiscible in water, organic solvents having relatively high stability toward redox reactions, such as acetonitrile, are used to prepare homogeneous solutions [10] [11] [12] . Although it is quite convenient to use such a suspension system for the evaluation of photocatalytic activities of photocatalyst powders, there have been a few disadvantages for practical applications. For instance, when the wavelength range of photoabsorption of solvents and/or substrates is overlapped with that of the photocatalyst, the number of photons absorbed by the photocatalyst must be reduced and, thereby, the rate of the photocatalytic reaction is reduced. Moreover, photoexcitation of solvents and/or substrates may induce unexpected side reactions. Also, a serious problem of the suspension system in practical applications is that filtration or centrifugation is necessary to recover (remove)
photocatalysts from the reaction mixtures. Adhesion of photocatalyst particles to 3 optically transparent materials, such as a glass plate, is one way to overcome these two problems. However, transportation of chemical species across the plate is highly restricted. Another strategy to simultaneously achieve selective photoabsorption of photocatalyst particles and simplified isolation of products from the mixture is to assemble the photocatalyst particles at the interface between gas and liquid phases or, in the case of a mixture of immiscible liquids, aqueous and organic phases.
Photoirradiation can be performed from one side of the phase without components interrupting the light, and the reaction solutions can be collected and/or exchanged without filtration or centrifugation to remove photocatalyst particles. Furthermore, this particle membrane system guarantees the transportation of chemicals through it.
Recently, we have found a novel method for assembling zeolite particles at a liquid-liquid phase boundary between aqueous hydrogen peroxide and water-immiscible organic substrates such as 1-octene by partial modification of the external surface of each zeolite particle with alkylsilyl groups [13] [14] [15] [16] . The strategy for particle modification was based on aggregation of hydrophilic particles with a small amount of water, which is similar to "impregnation" for metal loading on supports, followed by reaction with a hydrophobic alkylsilylation agent. Since the binding water between particles prevents penetration of the agent into the aggregates, alkylsilyl groups can be attached only on the outer parts of aggregates. Thus, the surfaces of resulting zeolite particles were proved to be bimodal, having both hydroxyl and alkylsilyl faces [15] .
One of the most noticeable features is that the assembled particles loaded with small amounts of titanium oxide acted as an efficient catalyst for epoxidation of several alkenes without agitation [14] . The reaction system is thus named phase-boundary catalysis.
From these considerations and facts, we applied the above-mentioned method for partial modification of the external surface of TiO 2 to prepare bimodal TiO 2 photocatalyst particles that can be assembled at a phase boundary. In this paper, 4 characteristics of the surface and photocatalytic activity of the bimodal TiO 2 particles are described in detail. The usefulness of porous silica (SiO 2 )-covered TiO 2 for improving stability against photoirradiation is also discussed. [17] and used as received. Here, these hydrophilic bare particles are labeled w-Ti and w-Si/Ti, respectively. Other commercial chemicals were of the highest available grade and used without further purification. Laboratory-grade water was prepared by using a Milli-Q pure water system (Yamato-Millipore).
Experimental

Materials
Modification of particle surface with an alkylsilylation agent
Functionalization of external surfaces of w-Ti and w-Si/Ti with alkylsilyl groups was carried out using the procedure reported for zeolite particles [13] [14] [15] [16] . 
Characterization and analytical procedures
Based on the weight fractions of carbon and ash components obtained by elemental analysis, the amount of surface alkylsilyl groups was determined by assuming that the remaining ash is composed of a mixture of TiO 2 and SiO 2 . Since the carbon component was mostly less than 6 wt% and the error in data in elemental analysis was less than 0.3%, the estimated amounts might include a large error. However, we could confirm reproducibility within ±5% for some selected samples. 
Photoirradiation and product analysis
Each sample (10 mg) was added to (a) a dual-phase mixture of benzene (2 and phoroirradiated in air (a) or argon (Ar) (b and c). Photoirradiation was performed using a xenon arc (Ushio UXR-300DU, 300 W) from the bottom of a cylindrical reaction vessel (transparent at >290 nm, 3.2 cm in diameter) at 298 K. When necessary, the reaction mixture was agitated vigorously with a magnetic stirrer with photoirradiation from a side of the reaction vessel. Liberated phenol, carbon dioxide (CO 2 ), and hydrogen (H 2 ) were analyzed using a Shimadzu GC-14B gas chromatograph equipped with an FID and a DB-1 column (for phenol) and a Shimadzu GC-8A gas chromatograph equipped with a TCD and an MS-5A column (for H 2 ) or a Porapak Q column (for CO 2 ). Figure 1 shows the apparent locations of samples added to the dual-phase mixture of water and benzene. Since w-Ti and w-Si/Ti are originally hydrophilic owing to their surface hydroxyl groups, they were dispersed only in water upon addition to the water-benzene mixture. By thorough surface treatment with ODS, these particles (o-Ti and o-Si/Ti) became hydrophobic due to the surface coverage of alkylsilyl groups and they were well dispersed in benzene. On the other hand, the alkylsilylated samples prepared via ODS treatment of aggregates with water (w/o-Ti and w/o-Si/Ti) were assembled at the liquid-liquid phase boundary. Similar behavior was also observed when toluene, hexane or another solvent immiscible with water was used instead of benzene. These results resembled those obtained by using surface-modified samples derived from NaY zeolite [14, 15] . Therefore, as has been proved for NaY zeolite powder, it is assumed that each particle of w/o-Ti and w/o-Si/Ti has an asymmetric surface structure, with both hydroxyl and alkylsilyl faces.
Results and discussion
Surface characteristics of modified photocatalysts
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The overall hydrophobicity-hydrophilicity of particles was evaluated by checking their behavior when added to water-ethanol mixtures of various compositions. Figure 2 shows attributable to the differences in specific surface area and in reactivity of hydroxyl groups on their surfaces. The above-described results of floatability tests (Fig. 2) suggest that the overall hydrophobicity of the samples is governed predominantly by 8 M a .
Using M a (Table 1) , external surface area, and the estimated cross section of an alkylsilyl group (0.226 nm 2 ) [18] , surface coverage of w/o-Ti and o-Ti was calculated to be ca. 70%, i.e., ca. 30% of o-Ti surface remained uncovered with alkylsilyl groups in the present preparation procedure. However, as shown in Fig. 1 , the sample was well dispersed in the organic phase, while w/o-Ti with almost the same surface coverage of alkylsilyl groups was assembled at the interface. Similar behavior was also observed when M a was halved (data not shown). These results imply that the mode of distribution of alkylsilyl groups on the surface accounts for the apparent location of the modified particles in a water-oil mixture and that M a or overall hydrophobicity can not predict the location.
Phase-boundary photocatalytic reactions
When a dual-phase mixture of benzene and water containing w-Ti, w/o-Ti, or o-Ti was photoirradiated from the bottom of the reaction vessel, phenol and CO 2 were liberated as major products with production of small amounts of other by-products such as hydoroquinone and 1,4-benzoquinone. Table 2 shows the amounts of liberated phenol and CO 2 and the selectivity of phenol production, defined as the molar fraction of phenol in the major products liberated by 20-h irradiation at 298 K. On w-Ti, only small amounts of phenol and CO 2 were detected when photoirradiation was performed without stirring (entry 1), and marked acceleration was observed when the mixture was vigorously stirred (entry 2), i.e., the hydrophilic w-Ti photocatalyst requires mechanical agitation to drive the photocatalytic reaction. On the other hand, comparable amounts of phenol and CO 2 were produced on w/o-Ti and o-Ti even without agitation (entries 3 and 4). Improvement in contact between the hydrophobic substrate (benzene) and particles by their surface alkylsilylation might account for this. It is worth noting that when 9 compared to the results obtained for w-Ti under stirring, the production of CO 2 was reduced to give relatively high selectivity of phenol production. These facts indicate that there is a potential advantage of the phase-boundary photocatalytic reaction system for partial oxidation of organic compounds, though the phenol yield was lowered to ca.
75%. However, an inevitable disadvantage of the present system is low photostability of the modified particles; some of the w/o-Ti and o-Ti particles settled during the photoirradiation. As has been previously observed using TiO 2 fully modified with several alkylsilane reagents [19] , the instability was attributed to photodecomposition of alkylsilyl groups on the surface through the photocatalytic reaction of TiO 2 . Actually, elemental analysis of o-Ti after photoreaction, for example, revealed that ca. 50% of alkylsilyl groups were removed from the catalyst surface.
In order to improve the photostability, we employed surface might occur without changing the hydrophobicity-hydrophilicity balance.
Similar to the above-mentioned TiO 2 photocatalysts derived from w-Ti, w/o-Si/Ti and o-Si/Ti showed photocatalytic activity for benzene hydroxylation that was greater than that of the original w-Si/Ti powder ( Table 2 , entries 5-7) when the reaction was performed without mechanical agitation. It is also notable that w/o-Si/Ti gave a slight higher yield of phenol than that obtained from o-Si/Ti. This trend is different from the above-described results for the w-Ti-based system in which o-Ti showed an activity level that was comparable with, or slightly higher than, that of w/o-Ti. Although the detailed reaction mechanism is unclear at present, control experiments indicated that the production of phenol required the presence of oxygen and a small amount of water (data not shown). Therefore, the higher yield of phenol by w/o-Si/Ti is attributable to its effective contact with both benzene and aqueous phases, while the reaction might proceed in the benzene phase using dissolved oxygen and water. On the other hand, due to the partial decomposition of surface alkylsilyl groups leading to exposure of the hydrophilic surface on w/o-Ti and o-Ti as discussed above, the affinity to both phases might become comparable to exhibit similar photoactivity.
As an extension of the phase-boundary photocatalytic reactions, photoinduced reduction of water to produce H 2 in the presence of sacrificial electron donor under deaerated conditions was conducted using photostable w/o-Si/Ti and o-Si/Ti particles. the formation of Ti-OH induced by band-gap excitation of TiO 2 has been reported in relation with a phenomenon of photoinduced super hydrophilicity [20] . Another plausible reason for the appreciable photocatalytic activity of o-Si/Ti is that surface modification had not been achieved uniformly, and thereby some of the particles had a bimodal surface structure like w/o-Si/Ti. Anyway, from these results, it is expected that highly efficient photocatalytic systems consisting of liquid-liquid and/or gas-liquid dual-phase mixtures will be constructed using bimodal w/o-Si/Ti, which can be photoirradiated selectively and removed easily after photoirradiation without tedious work-up procedures.
Conclusions
The present study has shown that the partial coverage of each particle of a TiO 2 photocatalyst with alkylsilyl groups gave affinity to both water and water-immiscible organic phases, enabling assembly just at their interface to drive photocatalytic reactions of chemical species in both phases. Although the rate of photocatalytic reaction was not so fast under the present reaction conditions, this system can be improved by optimization of reaction conditions, e.g., appropriate choice of photocatalysts and/or modifier, and can be further extended to other types of reaction such as reaction between water and immiscible gas phase organics and decontamination of water by gaseous molecular oxygen. Studies along these lines are now under way. 
Figure Captions
